A plasmid, pCL34, capable of autonomous replication in Escherichia coli and Pseudomonas aeruginosa has been constructed which carries the promoter and structural gene (amiE) for P. aeruginosa amidase, but not the regulator gene (amiR). Plasmid pCL34 has been mobilized from E. coli to P. aeruginosa using the broad host range plasmid RP4. Complementation studies were performed in P. aeruginosa strains carrying various amidase mutations. Measurements of amidase activity in the recipients under inducing, non-inducing and repressing conditions showed trans-complementation by the chromosomally located regulator gene product. These results confirmed the positive control model for amidase gene expression. Levels of amidase expression seen during these studies were approximately threefold higher than in the parental, amidase-positive strains.
INTRODUCTION
Studies on the control of gene expression in Pseudomonas aeruginosa have been hampered by the inability to perform classical complementation analysis with merodiploids. However, using the wide host range IncP-1 plasmid R68.45 (Haas & Holloway, 1976) , R' plasmids from P. aeruginosa have been isolated by selection in Escherichia coli , from recombination deficient P. aeruginosa (Holloway, 1978) and P. putida (Morgan, 1982) . Such R plasmids have been found to be unstable on transfer to recombination proficient P. aeruginosa strains and not useful for complementation studies.
In E. coli, studies of the mechanism of control of gene expression by complementation analysis have been utilized in the examination of classic negatively controlled systems, such as the lactose operon (Jacob & Monod, 1961) , of more complex positively controlled systems including Dserine deaminase (Bloom et al., 1975; Carothers et al., 1980) , and of those with aspects of both positive and negative control, the arabinose operon (Englesberg etal., 1965 (Englesberg etal., , 1969 . In these cases the dominance relationships between regulator gene products in the merodiploid state have provided one line of evidence towards defining the mechanisms of regulation.
Expression of the aliphatic amidase gene (amiE) of P. aeruginosa (Kelly & Clarke, 1962 ) is under the control of the closely linked regulator gene product (Brammar et al., 1967) . Farin & Clarke (1978) concluded that the arniR gene product exerted positive control on the expression of the amiE gene. Amidase synthesis is also subject to catabolite repression by succinate (Smyth & Clarke, 1975a) . Mutants showing resistance to catabolite repression fall into at least two classes : (i) those closely linked to the amidase genes and considered to be up-promoter mutants and (ii) those unlinked to the amidase genes (Smyth & Clarke, 1975a, b) . Hybrid A amirecombinant bacteriophages constructed in vitro have been described previously (Drew et al., 1980) . The amidase structural gene and its promoter from an up-promoter mutant have been subcloned into plasmid pBR322 and the structural gene located (Clarke et al., 1981) and partially sequenced (W. J. Brammar, personal communication) .
I have deleted non-essential P. aeruginosa DNA from the plasmid recombinant in vitro and constructed a hybrid vector by joining plasmid pBR322-amiE (pCL28) to an IncQ group plasmid, pQSR136 (Meyer et al., 1979) . IncQ plasmids have been developed as cloning vectors for Goodman & MacDonald (1979) . Overnight cultures ( I ml) in broth were pelleted, drained and frozen at -70 "C. Frozen pellets were resuspended in 100 pl spheroplast forming mixture and lysed by addition of 50 pl 2"/d Sarkosyl (Bazaral & Helinski, 1968) . After a clearing spin the supernatant was subjected to RNAase treatment, extracted with phenol/chloroform and the DNA ethanol precipitated and dried. DNA was dissolved in water and subjected to restriction enzyme analysis. (iii) In later experiments plasmid DNA was isolated from transformed cultures of E. coli and P. aeruginosa by the method of Birnboim & Doly (1979 Ligase reactions. Restricted DNA to be ligated was mixed together and ethanol precipitated in 2% (w/v) sodium acetate at -70 "C. Samples recovered by centrifugation were dried under vacuum and resuspended in 10 mMTris/HCl, pH 7.5, 100 mM-NaC1. Concentrated ligase cocktail was added and the DNA ligated overnight at 14 "C as described previously (Drew et al., 1980) .
Transformations. Samples of plasmid DNA were used to transform E. coli strain JA221 made competent by the method of Mandel & Higa (1970) as described previously (Drew et al., 1980) . After growth in L broth for 90 min to allow plasmid genes to be expressed portions were overlaid in soft agar onto L plates containing antibiotics.
P. aeruginosa strains were made competent by a modification of the above procedure. Cultures were grown, harvested and resuspended in 0. Conjugation and mobilization using plasmid RP4. Approximately 1 x lo8 donor and recipient cells from overnight cultures in broth were patch mated on L plates for 4 h at 30 "C. Dilution buffer (0.2 ml per plate) was added and the cells were lifted off with a sterile glass spreader and pipette. The cells were pelleted, washed and serial dilutions plated onto appropriate selective plates at the desired temperature.
Amidase assays. Amidase was assayed in intact cells by the transferase assay (Brammar & Clarke, 1964 ) using acetamide as substrate. Bacterial growth was measured by absorption at 670 nm. Amidase specific activities are expressed as pmol acethydroxamate produced min-' (mg bacteria)-'.
RESULTS
Construction of plasmids pCL3I and pCL34 Plasmid pJB950 (Clarke et al., 1981 ) is a derivative of pBR322 containing a 5.1 kb insert of P. aeruginosa PAC433 DNA between the HindIII and SalI targets (Fig. la) . Partial DNA sequence analysis has shown that the amidase N-terminal coding sequence begins 244 bp from the HindIII target (W. J. Brammar, personal communication) . From the size of the amidase protein, approximately 340 amino acids, the coding region cannot extend beyond 1.3 kb from the HindIII site. To reduce the size of pJB950 and remove non-essential PAC433 DNA, pJB950 was digested with XhoI, ligated and transformed into E. coli HBlOl with selection for ampicillin resistance. Thirty resistant colonies were picked and checked for amidase activity on solid medium (Drew et al., 1980) . Plasmid DNA was isolated from ampicillin-resistant, amidasepositive clones. Two clones carrying plasmids smaller than pJB950 were investigated further. Plasmid DNA from these was subjected to restriction enzyme analysis with AuaI, HindIII, KpnI, PstI, SalI, SmaI, SstII, XhoI and XorII. Analysis showed that in both of these isolates the DNA between the XhoI targets at 2.38 and 4-23 kb on pJB950 had been deleted and in addition the XhoI target was not reconstituted (data not shown). One of these two isolates, pCL28, composed of approximately 2.7 kb from pBR322 and 3-1 kb of PAC433 DNA, was utilized further (Fig.  1 b) .
To construct a broad host range plasmid carrying the amidase structural gene, pCL28 DNA isolated from E. coli HBlOl and pQSR136 DNA from P. aeruginosa PA01 162 were linearized with HindIII, ligated and used to transform E. coli JA22 1 to ampicillin/streptomycin resistance. Resistant clones were isolated at a frequency of 86 per pg donor DNA. Plasmid DNA isolated from 12 of these transformants was analysed by digestion with HindIII, SalI and EcoRI. Two isolates were identified as carrying hybrid plasmids in opposite orientations (Fig. 2) : pCL3 1 and pCL34 are distinguished by the asymmetric location of EcoRI targets.
Transformation studies with plasmids Transformation of E. coli JA221 with plasmids of increasing sizes showed a reduction in transformation frequency (Table 3) as size increased. pBR322 (4-4 kb) yielded 2.2 x lo6 transformants per pg DNA; pCL28 (6-9 kb) yielded 8-4 x lo5 transformants per pg DNA; and pQSR136 (1 1.3 kb) yielded 8.0 x lo4 transformants per pg DNA. E. coli JA221 appeared to be a better transformation recipient than strain HBlOl by an order of magnitude. P. aeruginosa was 3.5 x 1 0 3 * Antibiotic selection was for resistance to ampicillin, streptomycin and carbenicillin. Table 4 . Amidase activity in E. coli Cells were incubated overnight at 37 "C and amidase activity was measured in intact cells by the transferase assay (Brammar & Clarke, 1964 transformed much less readily than E. coli by the broad host range Q group plasmid. Frequencies were reduced by 100-fold for pQSR136 transformed into PAC or PA0 strains (Table 3) . Attempts to transform pCL31 and pCL34 directly into PAC strains with selection for carbenicillin/streptomycin resistance were unsuccessful. Strain PAOl 16 I has been described as a good recipient for transformation and contains the conjugative plasmid FP2. pCL31 and pCL34 were transformed into strain PAOl 161 with drug resistance as the selection. Only pCL34 transformants were obtained at a frequency of 1.1 x lo2 per pg DNA. Agarose gel electrophoresis of mini plasmid DNA preparations confirmed the presence of pCL34 (data not presented).
Amidase expression in E. coli strains Amidase expression in E. coli JA221 carrying various ami plasmids was measured under inducing, non-inducing and repressing conditions (Table 4 ). W ild-type E. coli normally shows no growth on acetamide medium and gives little or no colour reaction in the trmsferase assay. Strain JA221 carrying pCL28 showed low constitutive amidase expression under all growth conditions. This suggested that the amiR gene was absent or non-functional. Thew was no evidence to indicate if this amidase expression originated from the amidase promoter or from the remnants of the pBR322 tetracycline resistance promoter at the Hind111 join. E. wli JA221 containing the hybrid plasmids pCL31 and pCL34 showed higher levels of amidase activity (Table 4) . Amidase expression was constitutive and not subject to induction or repression. Expression from pCL34 was approximately twofold higher than from pCL28, and that from pCL3 I between five-and tenfold higher. These increases were not investigated further but it was envisaged that the increased activity was due to read-through transcription from promoters located in pQSRl36. 
P . aeruginosa
Cells were incubated overnight at 37 "C unless otherwise indicated. Amidase activity was measured in intact cells using the transferase assay (Brammar 8i Clarke, 1964) . Amidase activity is expressed as pmol acethydroxamate formed min-1 (mg bacteria)-'. The results are means of at least 3 experiments and the variation was 15%. Con, constitutive; Reg ts, temperature-sensitive regulator.
No
t Indicates the presence (+) or absence (-) of plasmid pCL34.
1
Growth temperature for regulator temperature-sensitive strain; assays were carried out at 37 "C.
$ PAC623 is amiR and carries the B6 mutation in amiE which shows greater activity towards butyramide as enzyme substrate (Farin & Clarke, 1978) .
Plasmid mobilization experiments
To study complementation of amidase, attempts were made to mobilize plasmids pCL31 and pCL34 into P . aeruginosa PAC strains carrying various structural and regulator gene mutations. Attempts to use strain PA01 162(FP2, pCL34) as donor into strain PAC308 amiR+ amiE were unsuccessful. It has been reported that mobilization of IncQ group plasmids by FP2 is of the order of 1 x lo-' (Willets & Crowther, 1981) and restriction systems in the recipient (unpublished observations) would be expected to reduce this further.
This was overcome by using the broad host range plasmid RP4 to mobilize pCL31, pCL34 from E. coli to P. aeruginosa. A derivative of RP4, pTH10, that was temperature-sensitive for replication, was used to facilitate loss of the mobilizing plasmid from the transconjugants. Plasmid pTH10 was transferred into strains JA221(pCL31) and JA221(pCL34) from E. coli C600 by plate mating. Transconjugants were obtained and shown to contain both plasmids by antibiotic resistance determinations and restriction enzyme analysis of plasmid DNA isolations (data not presented.
Strains JA221 (pTH 10, pCL3 I) and JA221 (pTH 10, pCL34) were used as donors to mobilize the non-conjugative plasmids into P. aeruginosa PAC308. Antibiotic selection gave transconjugants from the JA221(pCL34) cross only. Hind111 and SalI restriction enzyme analysis of plasmid DNAs isolated from the transconjugants showed that only pCL34 was present after subculturing at 37 "C. The successful donor in this experiment was used to mobilize pCL34 into various other PAC recipients. By this means pCL34 was transferred into strains PAC324, PAC326, PAC438, PAC623 and PAC452. Restriction enzyme analysis of plasmid DNA isolated from transconjugants from all of these crosses showed the presence of only one plasmid corresponding to pCL34.
Complementation studies Gene expression studies from plasmids pCL28, pCL31 and pCL34 in E. coli had indicated that plasmid pCL34 was functionally amiR : deletion, amiP : constitutive, amiE: positive. Amidase activity was measured in P. aeruginosa transconjugants under inducing, non-inducing and repressing conditions. Cells were grown in minimal medium with succinate or lactate as carbon sources. Lactamide and butyramide were added as inducer or amide analogue repressor, respectively. These two amides are hydrolysed poorly by amidase, and enzyme activity was not required for bacterial growth.
Under these conditions wild-type and mutant P . aeruginosa strains showed their expected phenotypes (Table 5) . Strain PACl was induced by lactamide (line l), PACl 11 showed constitutive enzyme synthesis which was repressed by butyramide (line 4) and PAC142 showed high constitutive synthesis due to the unlinked mutation conferring resistance to catabolite repression (line 7). Strain PAC438, which contains a regulator (amiR) temperature-sensitive mutation, showed low constitutive enzyme synthesis at 26 "C, which was sensitive to butyramide repression, and no enzyme activity at 42 "C (lines 12 and 14).
Amidase activity was lacking in the amiE derivatives of these strains, PAC308, PAC324, PAC326 and also in PAC452 and PAC623. Strain PAC452 had previously been characterized as containing a deletion of at least the amidase structural gene and PAC623 is an amiR strain derived from an inducible strain which produces the mutant B amidase.
Amidase expression from plasmid pCL34 in strain PAC308 was controlled by the chromosomally located amiR gene product (line 3). Under non-inducing conditions (succinate or lactate) low amidase expression was detectable, which was somewhat repressed by growth in the presence of butyramide. Under inducing conditions (succinate/lactamide or lactate/lactamide) high levels of amidase activity were observed: three times that of the fully induced wild-type under similar conditions. Constitutive amidase expression from pCL34 was found in hosts carrying mutant constitutive amiR genes: PAC324 (line 6) and PAC326 (lines 9-11). Activity was measured in six independently isolated transconjugants of PAC324 all of which showed activities some threefold higher than the parental strain PAC111 (line 4). This activity was partially butyramide repressible, showing control by the chromosomal amiR gene product. Greater variation was Fig. 3 . Derivation of amidase-negative mutants from constitutive parents. Amidase-specific activities are given as pmol acethydroxamate produced min-I (mg bacteria)-'. Amidase activity was measured in whole cells after overnight growth in succinate basal medium (see Methods).
found in isolates of strain PAC326 containing pCL34. Three such isolates gave specific activities between 20 and 100 (lines 9-11) compared with the parental strain PAC142 whose specific activity ranged from 22 to 32 under these growth conditions. This finding was unexpected since the isolates were thought to be identical. However, these values were found to be reproducible on retesting.
Expression from plasmid pCL34 in the temperature-sensitive regulator mutant PAC438 at 42 "C (line 13) showed low regulator-independent expression that was repressed slightly by growth on butyramide. Expression at 26 "C was presumed to be from both plasmid and chromosomal amiE genes. The amidase activity of strain PAC438 at 26 "C was doubled in the presence of plasmid pCL34 (lines 14 and 15). However, the specific activities were reduced by growth in medium containing butyramide, since the thermolabile regulator in this strain is sensitive to butyramide repression.
There was some amidase synthesis from plasmid pCL34 in P. aeruginosa strains thought to lack a functional amiR product. Expression from pCL34 in PAC452 and PAC623 (lines 17 and 19) was constitutive under all growth conditions at levels some 2040% of the fully induced wildtype PAC1. Since PAC623 had been genetically defined as an amiR mutant and PAC452 as a deletion, amidase expression was presumed to result from interactions of host RNA polymerase with either the amidase promoter of pCL34 or the up-stream pQSRl36 sequences.
The results of the complementation analysis shown in Table 5 allowed undefined amidasenegative mutations to be located. Complementation with pCL34 which gave high constitutive activity located the ami mutations of strains PAC324 and PAC326 into the structural gene amiE. Similarly, the low activities with pCL34 in strains PAC323 and PAC327 indicated that regulator gene mutations had caused the amidase-negative phenotype (Fig. 3) .
Analysis of pCL34 transconjugants It was considered that the different levels of amidase activity seen in PAC326(pCL34) isolates might have resulted from recombination. To examine this possibility, plasmid-free segregants were obtained from isolates 5 and 10 (see Table 5 ). A small number of cells were used to inoculate antibiotic-free minimal medium and the inoculum was grown overnight. Serial dilutions of the overnight culture were plated on solid medium with or without antibiotics to measure the frequency of plasmid loss. Plasmid-free segregants were isolated at high frequency and tested for amidase activity. Less than 1 in 300 colonies screened retained pCL34 after non-selective growth from both isolates. Five independent colonies from isolates 5 and 10 were tested and all had specific activities < 1.0 under all growth conditions. Thus the different activities exhibited by isolates PAC326(pCL34/5) and PAC326(pCL34/ lo), of 100 and 26, respectively, could not be explained by recombination between the plasmid-carried up-promoter/structural gene and the chromosomal sequences but may have been due to differences in copy number of their plasmids.
DISCUSSION
Complementation analysis using cloned genes offers an alternative to R' or F' plasmid isolation in bacterial species where R isolation is difficult. Cloned genes offer the advantages of being physically defined by restriction enzyme mapping and have the potential for in uitro manipulations to locate DNA sequences of importance. Thus specific deletions and insertions may be constructed to investigate the sequences controlling gene expression. The hybrid plasmid pCL34 which is able to replicate in both P. aeruginosa and E. coli carries a fragment of the P. aeruginosa chromosome containing the amidase structural gene and an up-promoter mutation, but lacks a functional regulator activity. Transduction analysis of the amidase genes had shown about 90% linkage between the structural and regulator genes (Brammar et al., 1967) , but the lack of nearby markers meant that the gene order was unknown.
Amidase expression from pCL28 in 4. coli was at low constitutive levels under all growth conditions, showing the absence of regulated gene expression. It is proposed that this expression results from low-affinity interaction between RNA polymerase and either the amidase promoter or the remnants of the tetracycline resistance promoter at the HindIIT join. In vitro transcription studies have indicated that E. coli RNA polymerase can initiate transcription from a restriction enzyme fragment containing just the P. aeruginosa DNA sequences (C. Turberville, personal communication).
Higher constitutive levels of enzyme activity were seen from the hybrid replicons pCL3 1 and pCL34 in E. coli. Expression from pCL31 was five times greater than that from pCL28 and expression from pCL34 was twice as great as that from pCL28. In plasmids pCL31 and pCL34 the amiE gene was located downstream from Tn5 sequences present in pQSRl36. The different levels of constitutive amidase expression from the two hybrids was thought to result from readthrough transcription from Tn5 promoters (Fig. 4) . Tn.5 has been investigated with regard to expression of transposition functions and neomycin phosphotransferase (NPT) I1 activity and the promoters for these functions have been identified (Rothstein et al., 1980) . However, it is not readily apparent from this information how read-through transcription could account for the different amidase activities in E. coli. In pCL3 1, which shows the higher activity, the amidase promoter lies back-to-back with the NPT I1 promoter which is itself part of the non-homologous inverted repeat of Tn5. In pCL34 transcription originating at the left end of the inverted repeat and running into the amidase gene could explain the enhanced expression compared with pCL28.
R . E . D R E W
Expression studies from pCL34 in P. aeruginosa PAC strains confirmed the lack of amidase regulator function on the cloned fragment. The presence of a functional amiR gene in the cis configuration would be expected to show very high amidase expression similar to the parental strain PAC433 which has a specific activity of >50. Instead, in the absence of functional R protein (PAC623, pCL34) low constitutive enzyme levels are found. These low levels were an average of ninefold higher in P. aeruginosa amiR strains than in E. coli, presumably reflecting increased RNA polymerase/promoter interactions.
Under inducing conditions with PAC308(pCL34) and non-inducing conditions with PAC324(pCL34) and PAC326(pCL34) complementation was observed. For this to occur it is apparent that the regulator protein must function in trans. The results show dominance of regulator-induci ble or regulator-constitutive over regulator-negative and confirm the positive control model for amidase expression proposed by Farin & Clarke (1978) . The cloned amiR amipCon amiE+ fragment is complemented by chromosomally located amiR+ amiP+ amiE and also by amiRcon amiP+ amiE with the predicted results. Complementation studies with pCL34 allowed previously uncharacterized amidase-negative mutations to be assigned to the regulator or structural genes, respectively.
However, these studies suggested that amidase regulation may be somewhat more complex than a simple positive control. Amidase synthesis in amiR hosts carrying pCL34 was at a low constitutive level, but in amiR+E hosts under non-inducing or repressing conditions expression from the plasmids was further reduced ( Table 5 ). This may be taken to indicate that the regulator protein has a dual function. With the wild-type system, in the absence of inducer, the regulator may act as a repressor to reduce amiE transcription to a very low level. During induction the regulator protein combined with inducer stimulates amiE transcription to a high level.
Dominance relationships between various constitutive and inducible alleles now being investigated may elucidate this aspect of amidase regulation. 
